Cave collapses emerge during the process of oil reservoir development, seriously affecting oil production. To reveal the collapse and failure mechanism of the carbonate cavern with a buried depth of 5600 m in Tahe Oil Field, using a self-developed ultra-high pressure model test system with the intelligent numerical control function, the model simulation material of carbonate rocks developed to carry out the 3D geo-mechanical model test. The model test and numerical results indicate that: (1) collapse and failure mechanism of the deep-buried caves mainly involve the failure mode of tensile shear. The rupture plane on the side wall is approximately parallel to the direction of maximum principal compressive stress. The V-type tension and split rupture plane then emerges.
Introduction
As the main development field of oil reserve, the fractured-vuggy reservoir is the focus area of oil exploitation for the future [1] . It is an important type of the carbonate reservoirs and accounts for 2/3 of proven oil reserves [2, 3] . Since the discovery of the Tahe oil field in 1997, the oil output has risen from 3,900,000 tons to 83,600,000 tons in 2017 for these 20 years. Tahe oil field is buried 5300 m to 6200 m below. The buried depth of north-eastern part is 5300 m to 5500 m where the main oil deposit is normal oil. The buried depth of south-western part and main part is 5500 m to 6200 m where the main oil deposit is heavy oil. The viscosity of the oil is 894 MPa/s. The primary recovery technique of oil is the water flooding recovery which can achieve the goal of oil extraction. Tahe oil field mainly is composed of caves and large cracks. As the reservoir space, caves do not maintain the seepage capability. Instead, as the main seepage channel, cracks undertake the oil transmission between caves. As the formation pressure decreases during the oil extraction process, the cave collapses occur down-hole, which severely affects the oil production and the oil recovery of the reservoir [4] [5] [6] .
The stability of deep underground caves is usually analyzed through the numerical simulation. It can analyze the cave stability, as well as the interaction among various caves [7] [8] [9] [10] . However, with the increase of the depth, physical surroundings around the underground caves become complicated, and geometrical features, geologic characteristics and rock mechanic parameters are 2. Test
Test Equipment
In order to carry out the 3D geological model test for cave collapse and failure with a super depth, the ultra-high pressure model test system with intelligent numerical control function is developed. As shown in Figure 1 , this system is composed of six components listed as follows: the model counter-force frame; the ultra-high pressure jack system; the gradient high-pressure loading system; the automatic model displacement recording system; the model stress automatic test system. The high pressure equipment is specially designed in this test and its rated output is 60 MPa. There are in total 12 hydraulic jacks respectively set on the four sides of the equipment. The maximum power output of each hydraulic jack can reach 10,000 KN. The concrete arrangement pattern is shown in Figure 1 .
The whole system meticulously simulates the deformation and failure process of the cave buried under several thousand meters deep. It successfully achieves a digitized, visual and intellectualized non-linear simulation for the extra-deep cave collapse and failure under a condition of non-uniform loading or unloading. Besides, it provides a powerful and important technical equipment for studying the collapse and failure mechanism of the cave in super depth of 5000 to 7000 m deep. 
Test Material
The model test conducted in this paper is based on the similarity theory to meet the similar conditions of the reduced scale test. The actual well-log information indicates that the span of uncharged vugs in the oil region is usually within 10 m. The geometric similarity scale of this model test was selected as 1:50 after taking the prototype cave scale and the model test loading system into account.
The similar material of this model test is the iron barites sand cementation material (IBSCM).The iron powder, the barite powder and the quartz sand are selected as the aggregate of IBSCM. Among these components the iron powder and the barite powder are fine aggregates while the quartz sand is coarse aggregate. Its regulator is the gypsum powder and its cementing agent is the rosin-alcohol solution (see Figure 2 ). The mechanical parameters of the IBSCM material can be adjusted through the change of the component concentration and the cementing agent solubility. Besides, the IBSCM holds many advantages such as the wide range of mechanical parameters ' variation, the stable property, the low cost, the speedy drying, the simple technique, nontoxic and harmless, etc. Because of the excellent properties of the IBSCM, it has been widely used, and a pretty good effect has been obtained in actual tests. Based on the similar conditions and the geomechanical characteristics of the carbonate rocks from the oil field (see Table 1 ), the modeled similar materials with similar conditions were obtained in the deformation and strength failure characteristics of the Ordovician carbonate rocks. 
The similar material of this model test is the iron barites sand cementation material (IBSCM). The iron powder, the barite powder and the quartz sand are selected as the aggregate of IBSCM. Among these components the iron powder and the barite powder are fine aggregates while the quartz sand is coarse aggregate. Its regulator is the gypsum powder and its cementing agent is the rosin-alcohol solution (see Figure 2 ). The mechanical parameters of the IBSCM material can be adjusted through the change of the component concentration and the cementing agent solubility. Besides, the IBSCM holds many advantages such as the wide range of mechanical parameters ' variation, the stable property, the low cost, the speedy drying, the simple technique, nontoxic and harmless, etc. Because of the excellent properties of the IBSCM, it has been widely used, and a pretty good effect has been obtained in actual tests. Based on the similar conditions and the geomechanical characteristics of the carbonate rocks from the oil field (see Table 1 ), the modeled similar materials with similar conditions were obtained in the deformation and strength failure characteristics of the Ordovician carbonate rocks. In order to conduct the test for the mechanical parameters of the similar material, various dimensions of specimens are need in line with the related mechanic test requirements. In the uniaxial and triaxial compression test, the specimen is a standard circular column with a diameter of 50 mm and a height of 100 mm. In the Brazilian splitting test, the specimen is a circular column with a diameter of 50 mm and a height of 50 mm. The fabrication technology procedures for the material specimen are listed as follows. First, after the ration and weighing measurement, put the refined iron powder, the barite powder and the quartz sand into the blender to stir evenly. Then, add into a certain concentration of rosin-medical medical alcohol solution for intensive mixing. Second, put the mixture into a mold with the pre-set pressure and corresponding dimensions for compaction. Third, with the completion of the specimen, it should be labeled and dried at room temperature. Finally, after the drying various tests for mechanical parameters can be conducted with the specimen.
The mechanical parameters including elastic modulus, Poisson's ratio, compressive strength, tensile strength, cohesion and angle of internal friction of super depth carbonate rock and similar material are obtained through mechanical tests (see Tables 1 and 2 ). The proportioning of model similarity materials is shown in Table 3 . Figure 3 is the similar material specimens. Figure 4 is the test procedure of rock mechanics parameters. In order to conduct the test for the mechanical parameters of the similar material, various dimensions of specimens are need in line with the related mechanic test requirements. In the uniaxial and triaxial compression test, the specimen is a standard circular column with a diameter of 50 mm and a height of 100 mm. In the Brazilian splitting test, the specimen is a circular column with a diameter of 50 mm and a height of 50 mm. The fabrication technology procedures for the material specimen are listed as follows. First, after the ration and weighing measurement, put the refined iron powder, the barite powder and the quartz sand into the blender to stir evenly. Then, add into a certain concentration of rosin-medical medical alcohol solution for intensive mixing. Second, put the mixture into a mold with the pre-set pressure and corresponding dimensions for compaction. Third, with the completion of the specimen, it should be labeled and dried at room temperature. Finally, after the drying various tests for mechanical parameters can be conducted with the specimen.
The mechanical parameters including elastic modulus, Poisson's ratio, compressive strength, tensile strength, cohesion and angle of internal friction of super depth carbonate rock and similar material are obtained through mechanical tests (see Tables 1 and 2 ). The proportioning of model similarity materials is shown in Table 3 . Figure 3 is the similar material specimens. Figure 4 is the test procedure of rock mechanics parameters. The compression stress-strain curves are obtained after the uniaxial test for the similar material specimen of carbonate and the prototype rock (see Figure 5 ). It can be seen from Figure 5 that the compression stress-strain curves of the similar material all include three phases: the elastic deformation stage, the plastic deformation stage and the strain-softening stage. Among the three phases, the first one takes the smallest portion, while the second one lasts for a rather long time. As the stress climbs higher than the peak stress, the strain increases constantly. However, the stress gradually decreases, which shows the strain-softening property, as well as a rather strong ductility and deformation behavior. Finally, it goes into the remnant strength destroying phase. The contrast analysis shows that, the compression stress-strain curves of the similar material specimen of carbonate and the prototype rock basically remain similar, the peak strength and the residual strength all basically fulfill the similar condition demands. It can be seen in Figure 6 that the prototype and the similar material both show a split failure mode in the uniaxial compression test while showing a shear failure mode in the triaxial compression mode. Therefore, the similar material in this thesis satisfies the similarity relation not only in strength property but also in deformation failure characteristic. Therefore, the physical and The compression stress-strain curves are obtained after the uniaxial test for the similar material specimen of carbonate and the prototype rock (see Figure 5 ). It can be seen from Figure 5 that the compression stress-strain curves of the similar material all include three phases: the elastic deformation stage, the plastic deformation stage and the strain-softening stage. Among the three phases, the first one takes the smallest portion, while the second one lasts for a rather long time. As the stress climbs higher than the peak stress, the strain increases constantly. However, the stress gradually decreases, which shows the strain-softening property, as well as a rather strong ductility and deformation behavior. Finally, it goes into the remnant strength destroying phase. The contrast analysis shows that, the compression stress-strain curves of the similar material specimen of carbonate and the prototype rock basically remain similar, the peak strength and the residual strength all basically fulfill the similar condition demands. It can be seen in Figure 6 that the prototype and the similar material both show a split failure mode in the uniaxial compression test while showing a shear failure mode in the triaxial compression mode. Therefore, the similar material in this thesis satisfies the similarity relation not only in strength property but also in deformation failure characteristic. Therefore, the physical and The compression stress-strain curves are obtained after the uniaxial test for the similar material specimen of carbonate and the prototype rock (see Figure 5 ). It can be seen from Figure 5 that the compression stress-strain curves of the similar material all include three phases: the elastic deformation stage, the plastic deformation stage and the strain-softening stage. Among the three phases, the first one takes the smallest portion, while the second one lasts for a rather long time. As the stress climbs higher than the peak stress, the strain increases constantly. However, the stress gradually decreases, which shows the strain-softening property, as well as a rather strong ductility and deformation behavior. Finally, it goes into the remnant strength destroying phase. The contrast analysis shows that, the compression stress-strain curves of the similar material specimen of carbonate and the prototype rock basically remain similar, the peak strength and the residual strength all basically fulfill the similar condition demands. The compression stress-strain curves are obtained after the uniaxial test for the similar material specimen of carbonate and the prototype rock (see Figure 5 ). It can be seen from Figure 5 that the compression stress-strain curves of the similar material all include three phases: the elastic deformation stage, the plastic deformation stage and the strain-softening stage. Among the three phases, the first one takes the smallest portion, while the second one lasts for a rather long time. As the stress climbs higher than the peak stress, the strain increases constantly. However, the stress gradually decreases, which shows the strain-softening property, as well as a rather strong ductility and deformation behavior. Finally, it goes into the remnant strength destroying phase. The contrast analysis shows that, the compression stress-strain curves of the similar material specimen of carbonate and the prototype rock basically remain similar, the peak strength and the residual strength all basically fulfill the similar condition demands. It can be seen in Figure 6 that the prototype and the similar material both show a split failure mode in the uniaxial compression test while showing a shear failure mode in the triaxial compression mode. Therefore, the similar material in this thesis satisfies the similarity relation not only in strength property but also in deformation failure characteristic. Therefore, the physical and It can be seen in Figure 6 that the prototype and the similar material both show a split failure mode in the uniaxial compression test while showing a shear failure mode in the triaxial compression mode. Therefore, the similar material in this thesis satisfies the similarity relation not only in strength property but also in deformation failure characteristic. Therefore, the physical and mechanical parameters of the model material prepared according to the material ratio in Table 3 satisfy the similar relationship with the mechanics parameters of the prototype rock. Therefore, the geo-mechanics model test for deep-buried karst caves' collapse and destruction can be conducted with the assistance of the mentioned model similarity material.
Energies 2017, 10, 769 6 of 14 mechanical parameters of the model material prepared according to the material ratio in Table 3 satisfy the similar relationship with the mechanics parameters of the prototype rock. Therefore, the geo-mechanics model test for deep-buried karst caves' collapse and destruction can be conducted with the assistance of the mentioned model similarity material. 
Test Procedures
The prototype of the model test, 75 m in height (vertical direction), 25 m in length (axially parallel) and 75 m in width (vertical axis), was simulated. Accordingly, the similar ratio is 1:50; the size of the model is 0. The basic fabrication process of the model is material agitation, spreading in layers, layer-compacting, air drying layer by layer and measuring elements-burying. The fabrication process of the model is listed as follows. First of all, it must be determined how many layers are needed and how thick and heavy each layer shall be according to Table 3 . Next, totally dissolve the rosin-medical alcohol solution and pour it into the material for blending. Put the similar material into the model to be paved evenly. Then, conduct the air drying for the compact material layer by layer with a high power fan. After complete air drying measuring elements-burying shall be carried out at the designed position. After this done, then follow the above steps to the next layer of the mechanical parameters of the model material prepared according to the material ratio in Table 3 satisfy the similar relationship with the mechanics parameters of the prototype rock. Therefore, the geo-mechanics model test for deep-buried karst caves' collapse and destruction can be conducted with the assistance of the mentioned model similarity material. 
The prototype of the model test, 75 m in height (vertical direction), 25 m in length (axially parallel) and 75 m in width (vertical axis), was simulated. Accordingly, the similar ratio is 1:50; the size of the model is 0. The basic fabrication process of the model is material agitation, spreading in layers, layer-compacting, air drying layer by layer and measuring elements-burying. The fabrication process of the model is listed as follows. First of all, it must be determined how many layers are needed and how thick and heavy each layer shall be according to Table 3 . Next, totally dissolve the rosin-medical alcohol solution and pour it into the material for blending. Put the similar material into the model to be paved evenly. Then, conduct the air drying for the compact material layer by layer with a high power fan. After complete air drying measuring elements-burying shall be carried out at the designed position. After this done, then follow the above steps to the next layer of the The basic fabrication process of the model is material agitation, spreading in layers, layer-compacting, air drying layer by layer and measuring elements-burying. The fabrication process of the model is listed as follows. First of all, it must be determined how many layers are needed and how thick and heavy each layer shall be according to Table 3 . Next, totally dissolve the rosin-medical alcohol solution and pour it into the material for blending. Put the similar material into the model to be paved evenly. Then, conduct the air drying for the compact material layer by layer with a high power fan. After complete air drying measuring elements-burying shall be carried out at the designed position. After this done, then follow the above steps to the next layer of the mode until the model is Figure 8 . The model cave is completed through excavation. Although this is not exactly the same as the actual situation, it will not impact the investigation of the collapse and failure mode as well as the failure law.
Energies 2017, 10, 769 7 of 14 mode until the model is finally completed. The main fabrication process of the model is shown in Figure 8 . The model cave is completed through excavation. Although this is not exactly the same as the actual situation, it will not impact the investigation of the collapse and failure mode as well as the failure law. With the complement of the model fabrication, exert the stress at the model boundary according to the similar stress and keep a steady pressure for 24 h so that an initial high geo-stress field can be formed inside the model. Then keep excavating the model by stages along the cave axle until the whole model cave is cut-through and shaped up. During the process, the deformation and failure of the model cave should be observed. The test procedure photos of the model are shown in Figure 9 . With the complement of the model fabrication, exert the stress at the model boundary according to the similar stress and keep a steady pressure for 24 h so that an initial high geo-stress field can be formed inside the model. Then keep excavating the model by stages along the cave axle until the whole model cave is cut-through and shaped up. During the process, the deformation and failure of the model cave should be observed. The test procedure photos of the model are shown in Figure 9 .
Result of the Model Test
Energies 2017, 10, 769 7 of 14 mode until the model is finally completed. The main fabrication process of the model is shown in Figure 8 . The model cave is completed through excavation. Although this is not exactly the same as the actual situation, it will not impact the investigation of the collapse and failure mode as well as the failure law. With the complement of the model fabrication, exert the stress at the model boundary according to the similar stress and keep a steady pressure for 24 h so that an initial high geo-stress field can be formed inside the model. Then keep excavating the model by stages along the cave axle until the whole model cave is cut-through and shaped up. During the process, the deformation and failure of the model cave should be observed. The test procedure photos of the model are shown in Figure 9 . 

Cave Collapse and Failure Process
A real-time, dynamic, intuitive and clear observation of the whole process from the rectangle cave cavitation to its gradual failure and collapse can be obtained through the model test. Photographs of the model cave failure and collapse are shown in Figure 10 .
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A real-time, dynamic, intuitive and clear observation of the whole process from the rectangle cave cavitation to its gradual failure and collapse can be obtained through the model test. Photographs of the model cave failure and collapse are shown in Figure 10 . It can be seen from Figure 10 that during the simulation process of the axial cavitation, microfissures first emerge at the toe of the left and right walls and the roof keeps moving down constantly. As time passes by, the microfissures gradually expand into several shear cracks along the left and right walls of the cave. When these shear cracks reach the cave top turning into large penetrating cracks the collapse and failure will finally appear on the side walls sequentially. It can be seen from Figure 10 that during the simulation process of the axial cavitation, microfissures first emerge at the toe of the left and right walls and the roof keeps moving down constantly. As time passes by, the microfissures gradually expand into several shear cracks along the left and right walls of the cave. When these shear cracks reach the cave top turning into large penetrating cracks the collapse and failure will finally appear on the side walls sequentially. Additionally, then, the roof of the cave cracks. Finally, under the high geo-stress the cave cracks expand upwards from the toe of the side walls and turn into several penetrating rupture belts, leading to the collapse and failure of the whole cave. As the cave is buried in a stratum where the vertical stress is larger than the horizontal stress, tensile shear becomes the main failure mode of the cave here. The rupture plane of the cave side walls is approximately parallel to the direction of the maximum principal compressive stress, and finally, the V-type tension and split rupture plane appears.
Change Rules of Displacement and Stress around the Cavern
The displacement value around the model cavern is measured by the multi-point extensometer (see Table 4 ). The radical stress value around the model cavern is measured by the micro-pressure-cell (see Table 5 ). The following results can be concluded from Table 4 . The measure point displacement on the cave top is relatively large and rather uniform, which indicates that the cave roof moves down as a whole during the cavitation process. The measure point displacements on the left and right walls gradually decrease as their distance to the cave walls increases. The closest one to the wall has the relatively largest displacement, which indicates that the positions near the cave walls will be damaged most severely under the condition of deeply-buried high geo-stress. With the extension towards the outer cave, the displacement of the farthest measure point turns to zero. At this moment, the distance between the measure point and the cave walls is 46 mm, which indicates that this measure point is beyond the influence scope of the cave destruction. It can thus be seen that the influence scope of the cave failure and deformation is 2.3 times as large as the cave span. It can be seen from the analysis of Table 5 that the stress of the cave cycle measure point gradually decreases as the distance to the cave wall becomes larger. The result indicates that after the model cavitation is done, the stress of the model cave cycle will be released more severely as the distance to the cave wall decreases. The stress of the farthest measure point shows no change and its distance to the cave wall is 460 mm, which indicates that this measure point is beyond the influence scope of the cave destruction. It can thus be seen that the influence scope of the cave failure and deformation is 2.3 times as large as the cave span, which basically corresponded to the displacement variation law of the cave.
Numerical Analysis and Verification
Numeric Calculation Model
In order to verify the failure process in the model test, the collapse and failure process of the rectangle cave is calculated and analyzed by RFPA, which is a software to calculate and analyze the rock failure process based on the real failure analytical method and the finite element. One of RFPA's advantages is the ability to solve discontinuous problems, such as the crack propagation and the huge deformation in engineering. RFPA can transfer the complicated nonlinear problem at the macro-level into a simple linear problem at the meso-level. Therefore, it is more efficient in solving discontinuous problems and is able to reflect the rock failure process more accurately. However, RFPA meets obstacles in solving sophisticated model problems, as it is a kind of simplified processing method.
With the assistance of RFPA based on the finite element method, two accomplishments should be pointed out in this thesis. First, the uniformity of material properties and the randomness of defects' distribution are analyzed from the perspective of mesomechanics. Second, the numerical simulation of non-uniform materials failure process is eventually achieved with the help of the continuous medium method. To take the heterogeneous distribution of rock mechanical properties into account, Formula (1) is introduced in which m refers to the uniformity coefficient of the medium, and it reflects the uniformity degree of the materials.
This analytical method adopts the Mohr-Coulomb criterion containing tensile failure rules, which can be divided into the Maximum Tensile-Stress Criterion and the Mohr-Coulomb criterion. Its main function is to judge whether the element has met the tensile fracture criterion before judging this element as damaged or not. If not, it will continue working with the Mohr-Coulomb criterion. The expression of the tensile failure rule is as shown in Formula (2) .
Therefore, with the assistance of RFPA, whole process of cave failure can be calculated and dynamically demonstrated with the above method. Figure 11 shows the numerical analysis model, as well as the boundary conditions of the cave. The additional stress caused by the overlying strata is replaced by the vertical stress P, which is the product of γ and H. γ refers to the average formation bulk density, and H refers to the actual buried depth of the cave. In this calculation, the roof thickness is 5 m, the cave span is 10 m and the mechanical parameters used in the calculation are shown in Table 1 . The cave collapse process and the displacement around the cave as well as the stress variation are all obtained through the RFPA. Figure 11 is the numerical model and boundary conditions of the karst cave. Figure 12 is the process diagram of the model collapse.
Therefore, with the assistance of RFPA, whole process of cave failure can be calculated and dynamically demonstrated with the above method. Figure 11 shows the numerical analysis model, as well as the boundary conditions of the cave. The additional stress caused by the overlying strata is replaced by the vertical stress P, which is the product of γ and H. γ refers to the average formation bulk density, and H refers to the actual buried depth of the cave. In this calculation, the roof thickness is 5 m, the cave span is 10 m and the mechanical parameters used in the calculation are shown in Table 1 . The cave collapse process and the displacement around the cave as well as the stress variation are all obtained through the RFPA. Figure 11 is the numerical model and boundary conditions of the karst cave. Figure 12 is the process diagram of the model collapse. 
Analysis of Calculation Results
The RFPA can simulate the whole process well from the gradual failure of the roof to the final collapse. The stress concentration first appears around the cave, and then, the failure emerges on the roof. As the failure scope becomes larger, the roof eventually collapses, leading to the whole cave failure. The stress and displacement values around the model cavern are shown in Figures 13 and 14 . 
The RFPA can simulate the whole process well from the gradual failure of the roof to the final collapse. The stress concentration first appears around the cave, and then, the failure emerges on the roof. As the failure scope becomes larger, the roof eventually collapses, leading to the whole cave failure. The stress and displacement values around the model cavern are shown in Figures 13 and 14 . It can be seen from the analysis of Figure 12 that during the cave collapse process, microfissures first emerged from both left and right walls and the roof keeps moving down constantly with failure. As time passes by, the microfissures gradually expand into several shear cracks along the left and right walls of the cave. Finally, under the high geo-stress the cave cracks expand upwards from the toe of side walls and turn into several shear cracks, leading to the collapse and failure of the whole cave. Tensile shear becomes the main failure mode of the cave here, and finally, the V-type tension and split rupture plane appears on lateral walls. The numerical calculation result basically corresponds to the model test result, which fully verifies the authenticity of the model test result. According to Figures 13 and 14 , the test values of displacement and stress around the cave are no different than the numerical calculation result and can well reflect their change law. Therefore, with the verification by the numerical calculation, the authenticity becomes more convictive, which provides a solid experimental basis for the future research of fractured-vuggy reservoir stability with a buried depth of more than 5000 m.
Conclusions
•
The ultra-high pressure test equipment is developed, which can be used to carry out experimental research to study the collapse of the cave with a depth of more than 5000 m.
Based on the theory of similarity, the model similar material which meets the similitude conditions with the prototype rock is developed in terms of the deformation characteristics as well as the strength failure characteristics. The mass ratio of iron powder, barite powder and quartz sand is 1:0.67:0.25. The concentration of rosin alcohol solution is 17%. The weight of rosin alcohol solution is 6% of the similar material total weight. •
The failure mechanism of the cave is determined through the model test and numerical calculations: the collapse process starts from the cracks emerging on left and right walls; then, the cracks run through the top, eventually causing the final collapse and failure. Shear failure is the primary failure mode, and the damage scope is 2.3 times as long as the cave span. It can be seen from the analysis of Figure 12 that during the cave collapse process, microfissures first emerged from both left and right walls and the roof keeps moving down constantly with failure. As time passes by, the microfissures gradually expand into several shear cracks along the left and right walls of the cave. Finally, under the high geo-stress the cave cracks expand upwards from the toe of side walls and turn into several shear cracks, leading to the collapse and failure of the whole cave. Tensile shear becomes the main failure mode of the cave here, and finally, the V-type tension and split rupture plane appears on lateral walls. The numerical calculation result basically corresponds to the model test result, which fully verifies the authenticity of the model test result. According to Figures 13 and 14 , the test values of displacement and stress around the cave are no different than the numerical calculation result and can well reflect their change law. Therefore, with the verification by the numerical calculation, the authenticity becomes more convictive, which provides a solid experimental basis for the future research of fractured-vuggy reservoir stability with a buried depth of more than 5000 m.
Conclusions
•
The ultra-high pressure test equipment is developed, which can be used to carry out experimental research to study the collapse of the cave with a depth of more than 5000 m. • Based on the theory of similarity, the model similar material which meets the similitude conditions with the prototype rock is developed in terms of the deformation characteristics as well as the strength failure characteristics. The mass ratio of iron powder, barite powder and quartz sand is 1:0.67:0.25. The concentration of rosin alcohol solution is 17%. The weight of rosin alcohol solution is 6% of the similar material total weight. •
The failure mechanism of the cave is determined through the model test and numerical calculations: the collapse process starts from the cracks emerging on left and right walls; then, the cracks run through the top, eventually causing the final collapse and failure. Shear failure is the primary failure mode, and the damage scope is 2.3 times as long as the cave span.
